Introduction
A ferromagnetic metal (FM)/semiconductor (SC) heterostructure is one of the important building blocks for operating spintronic devices at room temperature. Electrical spin injection into an SC through a high-quality heterojunction is a fundamental requirement for FM/SC heterostructures. Recently, nonlocal spin injection and detection have been achieved in FM/SC structures such as Fe/GaAs 1) and CoFe/GaAs. 2) In these devices, however, an easy magnetization axis of ferromagnetic metal electrodes was aligned in the in-plane direction owing to the demagnetizing field. To utilize the spin degree of freedom by taking advantage of spin orbit interaction for an electrical spin manipulation 3) and a reduced threshold current in a vertical-cavity surfaceemitting laser, 4) a perpendicularly magnetized FM/SC structure is indispensable. An L1 0 -FePt alloy is one of the promising materials for injecting perpendicularly oriented electron spins at zero magnetic field because L1 0 -FePt shows large perpendicular magnetic anisotropy. 5, 6) In addition to this, an L1 0 -FePt layer is directly grown on a MgO layer, which means that MgO is utilized as a tunnel barrier for the efficient spin injection into an SC. By taking advantage of this feature, an electrical spin injection from L1 0 -FePt into GaAs has been demonstrated at room temperature. 7) However, the remanent magnetization of L1 0 -FePt is low, resulting in a low spin injection efficiency at zero magnetic field. In a previous study, we grew L1 0 -FePt/MgO/GaAs structures with a high remanent magnetization with a sputtered MgO tunnel barrier layer. 8) However, the qualities of the MgO layer and the interface between MgO and GaAs have not been fully understood. It is essential to confirm and improve the interface quality for an efficient spin injection.
In this study, we have investigated the MgO thickness dependences of the magnetic properties of the L1 0 -FePt layer in L1 0 -FePt/MgO/GaAs structures. Two kinds of preparation technique were employed for MgO deposition: electron beam (EB) deposition and sputter deposition. The structural difference has also been compared between EB-deposited MgO and sputtered MgO.
Sample Preparation and Growth Condition
To obtain a clean surface of GaAs (001) substrates, the GaAs (001) substrates were cleaned in HCl : H 2 O ¼ 1 : 1 liquid for 2 min to remove oxides and -OH on their surface. After cleaning, the GaAs substrates were immediately transferred into the prechamber and annealed for 10 min in vacuum at a substrate temperature (T S ) of 400 C. For the MgO growth, we employed two different methods: the magnetron sputtering and the EB evaporation. The T S value of the sputtered MgO and EB-deposited MgO layers were 350 and 400 C, respectively. After the MgO growth, samples were transferred into an ultrahigh-vacuum sputtering chamber without breaking the vacuum condition. Then, Fe and Pt were cosputtered on the MgO layer with Fe 0:43 Pt 0:57 composition. The T S value during the FePt growth were 350 C for sputtered MgO samples and 400 C for EB-deposited MgO samples. Table I shows a summary of the thicknesses of FePt and MgO layers for all the samples. To monitor the flatness and the growth direction of each layer, we used the reflection high energy electron diffraction (RHEED). Structural analyses of the L1 0 -ordered FePt/MgO/GaAs film were performed by -2 X-ray diffraction (XRD) measurement. XRD measurement was performed with Cu K radiation, and its step of 2 was fixed at 0.04
. To observe the morphology of L1 0 -FePt/MgO/GaAs interfaces, we conducted the cross-sectional transmission electron microscopy (TEM). The magnetic properties of L1 0 -FePt layers were measured using the polar magneto-optical Kerr effect where A 001 and A 002 are the integrated intensities of the 001 superlattice and 002 fundamental peaks in XRD measurement, respectively. ðA 001 =A 002 Þ theory is the theoretical ratio of A 001 to A 002 for the fully ordered alloy at Fe 0:43 Pt 0:57 composition, which is 0.38.
Results and Discussion
From the XRD patterns of FePt/MgO/GaAs structures shown in Fig. 1, a clear MgO 002 peak appears with increasing MgO layer thickness, indicating the (001) orientation of the MgO layer on the GaAs (001) substrate. In addition to the FePt 002 fundamental peak, the FePt 001 and FePt 003 superlattice peaks are observed for all the samples. It is found that the L1 0 -ordered FePt (001) layer was grown on (001) MgO/(001) GaAs by both EB deposition and sputtering processes. RHEED patterns are also shown in the insets in Fig. 2(b) . These clear streak patterns indicate the flat surface of each layer. From the results of XRD and RHEED measurements, the cubeon-cube epitaxial relationship of ½100 GaAs k ½100 MgO k ½100 FePt and ð001Þ GaAs k ð001Þ MgO k ð001Þ FePt is found in the EB-deposited MgO sample.
To examine the morphology of interfaces in the L1 0 -FePt/MgO/GaAs structures, cross-sectional TEM was performed. Figures 2(a) and 2(b) show the TEM images of L1 0 -FePt/MgO/GaAs structures with a sputtered MgO layer and an EB-deposited MgO layer, respectively. As shown in Fig. 2(a) , a thin amorphous MgO layer is observed at the MgO/GaAs interface of the sputtered MgO samples, and a crystalline MgO (001) texture is subsequently grown after the formation of the amorphous MgO layer. The in-plane crystal orientation of the MgO layer grown on the amorphous layer is not confined, unlike that of the MgO layer epitaxially grown on GaAs. In the case of the EB-deposited Since the lattice mismatch between MgO (4.213 A) and GaAs (5.68 A) is over 25%, the cube-on-cube epitaxial relationship could lead to a large strain accumulation in the MgO layer, which gives rise to a large dispersion of crystal orientation. To understand the strain accumulation in EBdeposited MgO layer and sputtered MgO layer, the full widths at half maximum (FWHMs) of MgO 002 peaks are evaluated. Table II shows the c-axis lattice constants of the MgO layers and FWHMs of MgO 002 peaks. The c-axis lattice constants for both MgO layers are almost identical to each other, the values of which are consistent with the bulk lattice constant of MgO (4.213 A). However, the FWHM of the EB-deposited 5 nm MgO layer (2.170 ) is twice larger than that of the sputtered 5 nm MgO layer (1.055
). Such a peak broadening of MgO 002 indicates the large dispersion of the c-axis orientation for the EB-deposited MgO layer. This difference in dispersions of crystal orientation between the EB-deposited and sputtered samples results from the different growth morphologies at the MgO/GaAs interface. In the case of the sputtered MgO layer, the formation of the amorphous MgO layer excludes the strain accumulation at the MgO/GaAs interface, and the subsequent crystalline MgO layer formation results in the narrow XRD peaks. On the other hand, the EB-deposited MgO layer has large strain accumulation due to the epitaxial growth without the formation of the amorphous MgO layer, leading to the large FWHM.
To understand the effect of the strain at the MgO/GaAs interface on the magnetic properties of L1 0 -FePt, the MgO layer thickness dependences of the FWHM of the FePt 001 peak are evaluated for EB-deposited MgO samples as well as sputtered MgO samples. Figure 3 with the MgO layer thickness dependence of S. For the sputtered MgO samples, M r =M s does not show a marked change with MgO layer thickness. This tendency is interpreted as being due to the fact that the strain is not accumulated in the MgO (001) layer due to the formation of the amorphous MgO layer on the GaAs surface.
Conclusions
We investigated the MgO layer thickness dependences of the structure and magnetic properties of L1 0 -FePt on MgO/ GaAs structures. The MgO layers prepared by EB evaporation epitaxially grew on the GaAs (100) substrate while the sputtered MgO layer initially formed an amorphous MgO on the GaAs surface. The cube-on-cube epitaxial relationship gave rise to a large strain in the EB-deposited MgO layer, and the magnetic properties of L1 0 -FePt changed with increasing MgO layer thickness. The improvement of S and M r =M s was observed for the EB-deposited MgO samples with a thick MgO layer.
